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Theturbojetenginewasinvestigatedinan altitudetestchsmberat
theMICALewislaboratoryto determinetheeffectsofa widerangeof

*
.? uneveninlet-airpressuredistributionsontransientcharacteristicssad
~ stallphenomenon.Circumferential,radial,andmixedpressurevartitions

wererunat simulatedaltitudesof15,000,35,COO,and50,000feetata.
simulatedflightMachnuniberofO.SO.

h therangeinvestigated,circumferentid distortionsdidnotchange
thespau-wisebladeload3ngor seriouslyimpairoperation.Surgeoccurred
whenanysegmentofthecompressorreachedtheundistortedsurgepressure
ratio.Radialdistortionswithlowpressureattherotorbladetipin-
creasedtheloadingina regionthatwasnormallyheavilyloaded.Serious
reductionsinaccelerationmargtiresulted;slightlylargerdistortions
thanthoseinvestigatedmayc

T
letelypreventacceleration.lhverse

radial(lowpressureatthehub distortionsincreasedaccelerationmargti
at lowerspeeds,thoughsanereductionsoccurredathighspeeds.Mixed
(combinationcircumferentW andradialor tiverseradial)distortions
producedchangessimilarto thecorrespondingradialdistortionalone.

-

1.
\“

Spaceor structurallimitationsoftenccmprmisethedesignof met
ductinginturbojetengine%Mtallskions.Severebendsorrapiddiffusion‘
oftheairenteringtheengineresulth unevenpressuredistributions,or .
distortions,particularlydurtigunusualflightconditionssuchashigh -%
angleofattackoryaw. Subsonicinletductstiserviceoftemproduce
distortionsof 10to 15percenttotal-pressurevariationat thecompressor‘s inlet.Inmostcasesthedistortionisa conbtnationofcircumferential
andradialgradients.Ehgtieperformancelossesandoperationalproblems
ticludtigsurge,blow-out,or structuralfailuremayresultfromthese

● gradients. An exampleofenginefailuredueto inlet-airdistortionis
discussedinreference1.
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A programhasbeenestablishedattheNACALewislaboratoryto
studytheeffectsofdistortiononvariousturbojetengines.X.nvestiga-
tionscarriedoutto studytheeffectsofdistortionsonthesteady-state
smdoperationalcharacteristicsofseveralturbojetengtiesarereported
inreferences1 to 3. As a partofthisprop?aman investigationhas
beenmadeoftheeffectsofdistortionona singlespool,high-pressure-
ratioaxial-flowturbojetenginewithvaria~lecompressorWet guide
vanes. Forthedatapresentedherein$onlytheeffectsontrsasient
characteristicsandstallphenomenonarediscussed.

Specifically,theob~ectofthestudy~portedhereinwasto deter-
minetheeffectsofinlet-ahdistortiononthesurge,stall,andaccel-
erationcharacteristicsoftheenginewithbothclosedandopenpositions
ofthevariableinletguidevanes.@ addition,thestageandbladeele-
mentperformanceoftheccxupressorwasexednedto obtatianunderstand-
ingofthesurgesmdstallcharacteristicsoftheengine.Foursimmle
typesofdistortionselectedforthestudyreported~ereinare:

(1)Radial{lowpressureat outersmnulusofcompressor}

(2)Inverseradial{lowpressureathub)

(3]Circumferential(symmetricalaboutaccmpressordiem.)

(4) Mixeddistributions{circtierentialwitheitherradial
inverseradialdistortions)

or

Datawereobtainedat simulatedaltitudesof 15)000,35,0(xI,and
50,0~”feetata shnulatedflightMachnti~~ of0.80.me ~vestiga-

tioncovereda rangeofengines~eedsfrom55to105perdentofrated
withthevariableinletguidevaneseitheropenorclosed.Onlydata‘“
obtainedwiththeratedareaexhaustnozzle”arepresentedherein.

Pressureratiomargin,thedifferencebetweensteady-stateandsurge
pressureratios,isusedas sm indicationofthectigesh theability
oftheenginetoaccelerate.Discussionsoftiheeffectson surgeand
stallphenomenasmdcompressoraerodynamicsareticluded.

.
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Engine

A viewoftheexperimentalturboJetengineinthealtitudetest —
chsxiberisshownh figure1. Theenginehasvariableinletguidevanes,
a 12-stageaxial-flowcompressor,a cannular-t~econibustor,anda two- .ti

stageaxial-flowturbine.Forthisinvestigationitwasequippedwitha
clam-shell-typevariable-=eae-ust nozzliS.Theengineperformanceis ,
presentedinreference4. The staticsea-levelmilitaryratingwith
inletguidevanesopenis:

* e
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Enginespeed,rpm . . . . . . . . . . . . . .
Exhaustgastemperature,%’ . . . . . . . . .

a Thrust, lb
Specificfuei iOM&iOi,”(ibj(&j/ib”&&i

Thecompressorhasa tipdismeterof3%

3

. . . . . . . . . . 7950

. . . . . . . . . . 1185

. . . . . . . . . . 8920

. . . . . . . . . .0.917

inchesanda ratedpressure
ratioof 6.9at ratedspeed.Thehub-tipratiosatthefirstandtwelfth
stagesareapproximately0.455and0.88,respectively.The21vsriable

w~ inletguidevanes(incorporatedto avoidsurge)rotate30°frcmtheopen
totheclosedposition.+ Intheopenposition,theanglebetweentheen-
ginecenterlineanda ts.agenttotheleadtigsadtrailingedgesis0°
attherootand13°atthetipoftheblade.Theemginemanufacturer —
scheduledtheguidev?mestobegtiopeningat 6000to 6~ rpmandreach
theopenpositionat 7000“to7X)0rpmas speedis increased,andinversely
as s@ed % decre~ed.Forthisin~estiga~ionmanualopera~ionwas
stitutedto extendtherangeofoperationineitheropenor closed
position.

i Instrumentation
4
&n Thelocationof tistrumentationthroughouttheengineisshown

sub-

bv— .
thesketchinfigure2. Thetype,quantit~,andrespo~seratesoftr&-
sienttistrumentsarelistedintableI. Duringtheinvestigation,cal-
ibrationsoftransientequipmentwereobtainedfromsteady-statevalues
photographicallyrecorded.

Thetransientresponsesoftheengineparameterswererecordedon
a six-channel,directinktig,magneticmotoroscillograph.

Qualitativemeasurementsofairflowfluctuationswereobtained
throughtheuseof l-roilhot-tieanennuetersinstalledinthefirst,
sixth,andtwelfthstatorrowsofthecompressoratvariableheightsin
theflowpassage.Thesi~als,a functionofspecificmassflow f(pv),
wereobservedon oscilloscopesaswellas kcordedonhigh-speedphoto-
graphicpaperby a galvanometricoscillograph.Thististrumentation,
usedforanalysispurposesb connectiontiththefrequencyandrelative
magnitudeofrotatingstsU andsurgephenomena,wasnotcalibratedto
givequantitativedata.

PROCEDURE

Uheveninletpressuredistributionswereproducedby screensin-
. stalled~ inchesupstresmoftheinletinstrumentation(station2)and

17 inchesupstreamoftheinletguidevanes.Ranor inletpressurewas
d
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basedontheaverageof 64total-pressuretubesbehindthescreensat
thecompressorinlet.Averageinletpressurewassetto simulateccm-
pleters.mpressurerecoveryat a flightMachnumberof0.80.

Accelerationswereproducedbya speciallydesignedexternalfuel
valvecapableofproducinga veryrapid(0.02see)increasefrcmone
fuelflowtoanother.Suddenchangesofthistypearereferredto as
stepchanges.Surgelinesweredeteminedbyintroducinga seriesof
stepsatdifferentinitialspeeds.Noattemptwasmadeto determinethe
valuesoffuelflowat surgeby theusualtrialanderrormethod,since
itwasestablishedduringtheinvestigationofthisenginereportedin
reference5 thatpressureratioat surgeisnotaffectedby therateor
sizeofthefuelflowchange.

Theexhaustnozzlewassizedontheundistortedengineat a simu-
latedaltitudeof35,000feetanda Machnumiberof0.80withopentilet
guidevanesandratedenginespeedtoproduceratedexhaustgastemper-
ature.Nozzleareawasthenmaintainedconstsqt.Unlessotherwisespe-
cifiedallspeed-tidtemperaturevalueshavebeencorrectedto stsndard
conditions.Inlet-airtemperaturevariedfrcm20to 70°F, andthevar-
iableinletguidevanesweresetmanuallyeitheropenor closed.

.—

—

—

Distortion Distribution Ma~itudeat
ratedspeed,
percent

C-21 Circumferential(symmetricalabouta 21.0
compressordism.)

C-26 Circumferential(symmetrical-abouta 25.8
compressordiam.)

R-n Radial(lowpressureat titerannulus) 11.1

R-12 Radial(lowpressureat outerannulus) 12.5

1-13 Inverseradial{lowpressureathub) 13.5

1-16 Inverseradisl(lowpressureathub) 15.6

.

DEFINITIONSOFDISTORTIONS

Inordertoprovidea methodicalbasisforstudy,radial,inverse
radial,andcircumferentialdistortionswereemployed.Of these,typ-
icslexampleswereselectedfordiscussion.Thefollowingtablesum-
marizesthedistortionconfigurationsdiscussed:
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Thelettersh thekeytigsystemreferto thetypeofdistortion(C,
circumferential;R, radial;and1, inverseradial)sndthenumbersgive
theapproximatema~itudeofthedistortionat ratedenginespeedin
percent.Themagnitudeofdistortionisdefinedasthemaximumdiffer-
enceinlocaltotslpressuresdividedby theaveragetotalpressureat
thecompressorWet (p2,= - p2,fi)/p2,av.

ThecircumferentialdistortionsC-21ad C-26havepressureprofiles
atthecompressorinlet(symmetricalabouta compressordiam.)as shown
infigure3(a).

Thepressureprofilesfortheradialandinverseradialdistortions
(R-hand R-12;I-13andI-16)areshowntifigure3(b).Theshapesof
theprofileswerein.tentionaJJymadet~ differslightly,butingeneraJ
theradialdistortionshavea regionoflowpressureattheouterannulus
anda regionofhighpressureatthehub. Theoppositeistrueof ti-
verseradialdistortions.

Thetypicalcaq?ressorinletpressurevariationsillustratedinfig-
ure3 showtheprofilesatratedenginespeed.Becausethedistortions
wereproducedby pressuredropacrossscreens,themagnitudechangedwith
engineairfloworspeed.Thisvariationis illustratedforclosedWet
guidevaes infigure4(a)andforopenim.letguidevanesinfigure4(b).

RESULTSANDDISCUSSION

A studyoftheeffectsofdistortiononthesteady-stateperformance
ofthesaneenginediscussedheretiestablishedthattheeffectsof inlet
distortionresultfromchangesincompressorperformancealone.Inthe
follo~ discussion,considerationw3.lJfirstbe givento sm exsmdnation
oftheunderlyingaerodynamicconditionsinthecompressorthatcontribute
to thetransientcharacteristicsoftheengine.Thelatterpartofthe
discussionconsidersthechangesinaccelerationcapabilityproducedby
Wet-air distortion.

Dataarepresentedforclosedandopeninletguidevaneoperation
overthecompletespeedrangefromabout60percenttoratedspeed.Al-
thoughtheinletguidevaneschedulewiU notpermitoperationw5.thopen
inletguidevanesat enginespeedsbelow7000rpm,thecompressorchar-
acteristicsatlowerspeedsareofbasicinterestticoqressordesign.

Qualitatively,theresultsindicatebasicallysimilarphenomenawith
distortedorundistortedflowovertherangeofaltitudesinvestigated.
Therefore,thecharactertiticswithno distortionaredescribedfirst,
followedbya discussionoftheeffectsofdistortioncausedby changing-
thesecharacteristics.
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Closedinletguidevanes.- Theoperationalltiitsandsteady-state
ltieofthecompressorwithclosed.inletgui~evanesandno distortion””
areshowninfigure5 intermsof coq?ressor-pressureratioandengine
speed.No stallisencounteredoverthewholespeedrangeofsteady-
stateoperation.At engtiespeedsabove5600rpm,accelem,tionislti-
itedby compressorsinge,whilebelow53Q0@n thelimitis imposedby-
rotatingstall.Surge,andparticularlyrotatingstall(whichoccursat
steadystatewithopeninletguidevanes),is.describedindetaflinthe
nextsection.

Openinletguidevanes.- Withopeninletguidevanes,theopera-
tionalItiitsofthecompressordependonthemodeofoperationat steady
statepriorto smattemptedaccelerationas_@J.asthephysicalphenom-
enaencounteredat t~”limit.To providea betterphysicalunderstandfig,
thedefinitionofltiitsisdescribedinthreesteps:(1)a description
offlowphenomenonat steadystate,(2)a descriptionofattemptedaccel-
erations,and(3)thedefinitionofoperationallimits.

Steady-stateoperatingline:Thestea~-stateoperatingline,h
termsofc~ressorpressureratioandenginespeed,isshownh figux%
6. Shadedbarsareusedto representthespeedrangeofoperationin
rotatingstallandtipstall(withtheundistortedinletflow).As en-
ginespeedis increased,thetipstallandrotatingstallregionsoccw--
athigherenginespeedsthanwhenspeedisdecreased.Thisisa hys-
teresiseffect,similartothatdescribedinrefere~<es5 and6.

To assistinunderstandingthenatureofthestallandrotattig
stall,airflowfluctuationsneartherotorbladetipsinthefirstand
sixthstagesofthecompressorareillustratedinfigure7 by represent-
ativehot-wireanemometertraces.Representationsoftheflowh the
firststageareincludedinfigure7 to illustrate,by meansof shaded
area,thestrengthandetientof theregionsoflowflowintheannulus.
Therepresentationsereconstructedfromhot-w5.retracesat several
heiahtsintheannulus,andfromtemperatureandpressuremeasurements.—u . —

Thelowflowregionsareessentially

At highenginespeedswherethe
steadystate(seefig.6)onlysmall
as showntifigure7(a). (ThesWth
external60-cycledisturbemces.)

w
.-

.

.

—

—

---

thesme inthesixthstage. —

cozupressoroperatesstall-freeat
randomirregularitiesofflowexistj
stagetraceisaffectedsltghtlyby

Figure7(b}illustratestheflowinthespeedrangeofrotat5ng
stall.Theregionoflow,orstalled,flow-~otatesinthedirectionof-- . . . . . .
compressorrotationataboutone-halfengine
onlyonesegmentofrotatingstallextending
compressorisfound.Generally,thestalled

speed.WiththiS-gMe, r
almostsxiallythroughthe
segnentrotatesattheouter

F
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wald.oftheannul.usandcoverslessthanhalftheradius.Circumferen-
tially,fromone-quarter(athigherenginespeeds)to three-qyarters
(atlowerspeedsintherangeofrotatingstall)oftheannulusmaybe
coveredby thestalledregion.Theexampleat 6000rpmXU.ustratedh
figure?(b)hasabouttwo-thirdsofthecircumferenceoftheannulus
stalled.

A representationoftheflowinthelow,ortipstall,speedrange
isshowninfigure7(c).Typicaloftipstallisa large,nonperiodic
fluctuationofflowatthebladetips. Thestalledregionextendsover
slightlylessthanhalftheradius,butcoversthewholecircumferenceof
theannulus.

Thepresenceoftipstallandrotatingsta~ doesnotnecessarily
preventsteady-stateoperation,buteithertipstallor rotatingstall
tendstoreduceperformance(ref.5),andmaycausevibrationandoper-
ationalproblems.Thenextfewparagraphsillustratetheeffectsof
stallontheaccelerationoftheengine.

Accelerationcharacteristics:Figure8 illustratestypicalattempted
accelerationswithopenguidemes fromthethreeregionsof steady-state
operationwithfuelstepssufficientto causesurgeor stall.

An attemptedaccelerationfrcsnsteady-state
T

rationb thestaJJ.-
free(high-speed)regionleadsto surge(fig.8(a). Surgeisa violent,
low-frequency(2to 6 cps)cyclingof flowsadpressurethroughoutthe
conqmessor.Ifblow-outoccursduringan attemptedacceleration,itfol-
lowstheinitialbreeJcdownofflowtitosurge;thelimitingpressure
ratioisunchangedandcompressoroperationfollowsthedashedlinein
figure8(a).

An attemptedaccelerationfrcmsteady-stateoperationintipstalJ
resultsinsurge-with-stallfithemannerillustratedinfigure8(b).
A fuelstepintroducedat

!.
oint(a}causesa riseb compressorpressure

ratioto a limitatpoint b]. At petit(b)rotatingstallisencoun-
tered,andcompressorpressureratiocannotbe increasedbeyondthevslue
at theticeptionofrotatingstsJ1.Afterreachingthelimit,compres-
sorpressureratio(inthe

T
le illustratedtifig.8(b))decreases

tosurge-with-stallatpoint(c afteran accelerationof450rpmwith
compressorpressureratiodecreasesfrom2.4to 2.25. Surge-with-stall
isonlyslightlylessviolentthansurge;thefrequencyof oscillation
throughoutthecompressorisa littlehigherthauwithsurge(5to 12
Cps]. As thensneimplies,rotathgstallissuperimposedonthesurge
duringthecomletesurge-with-staJlcycle.

7
Thedeteriorationto surge-

with-stall((b to (c))maytakeplaceimmediatelyorafteran acceler-
ationupto 1000rpmwithcompressorpressureratioeitherincreasing
ordecreastig.A furtherdiscussionmaybe foundinreference5.
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Foraccelerationsfrcmtipstall,compressorperformancebeginsto
deteriorateattheinceptionofrotatingstall.Thus,anattemptedac-
celerationfroma steady-stateconditioninwhichrotatingstallis
present(fig.8(c))resultsin -diate breakdownto surge-with-sta13”
unlesstheaccelerationismadeinthemostcautiousmanner.

OperationalLhnits:Theoperationallimitsforoyenimletguide
vanesareshownfortheundistortedcompressorinfigure9 withthelim-
itscorrespondingto eachofthethreeregionsofsteady-stateoperation
solabeled.Thebarsindicattigtheregionsofrotatingstallandtip
stallareshownonlyforsteady-stateoperationwithspeedincreasing.
(1)Forexcessivelyrapidaccelerationsfrcminitialconditionsat en-
ginespeedsbelow5800rpm,thecanpressorisLhnitedby theoccurrence
ofrotatinstall.

7
Thislimit(seefig.8(b))isthelocusofthepoints

labeled(b, notthepofitatwhichsurge-with-stallbegins.(2)For
accelerationsfraninitialspeedsh thespeedrangeofsteady-statero-
tatingstall,5800to 6400rpmh figure9,theoperationallhit isti-
posedby an hmnediatebreakdownlead5ngdirectlyto surge-with-stall.
(3)Forattemptedaccelerationinthehigh-spedrange,6000rpmup,
wherethesteady-stateoperationisstall-free,thecompressori.sLhn-
itedby surge.

Engineoperationinsmytypeofsurgeorstallisundesirablebe-
causeofdangerto theengineandthepossibility,describedlaterin
thisreport,ofnotbetigabletoaccelerateat all.

Theaccelerationmargin,orthedifferencebetweenthesteady-state
lineandtheoperationallimit,isverysmallinthespeedrangeof
steady-staterotatingstall.Forthisreasonthe@et guidevanesof
thecompressorhavebeenscheduledintheclosedpositionInthisspeed
range.

Effectofdistortionson operationallimits.- Ingeneral,thechar-
acteristicsoftheundistortedcompressorwithopenguidevanes,as Just
described,arenotqualitativelychangedby theintroductionofcanpressor
inlet-airdistortion.To illustratescmeofthequantitativechangesthat
tskeplace,aswellastheonlysignificant@alitativechange,figure10
show’sthesteady-statelineandoperationallimitsofthecompressorwtth
radialdistortion(R-12).Shownalsoh figure10 isthedistortionmag-
nitudewithwhichthecharacteristicswereobtained.

Withradialdistortionthespeedrangeofsteady-stateoperationh
rotattigstallhasshiftedto6550to 7100rpm(withno distortionit
was5800to 6400rpmj in bothcaseswithspeedincreasing).Also,in
therangeofrotatingstall,at spew hi@er th~ 6700KP% c~ressor
pressureratiodecreaseswithincreasingspeed.At 7100rpm,accelera-
tionisl~ted by sur~-with-sts.11.Althoughtheenginewill.accelerate
throughanyofthesurgeorstallphenomenadescribed,h thiscaseac-

.
—

-.

.

—

celer=tion-istipossible.Subsequentoperationathigherspeedsis Y —

sK--
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possibleiftheinletguidevanesareclosedduringaccelerationand
openedabovethespeedraageofrotatingstall.

Withtheexceptionoftheregionofnegativeslope,flowfluctua-
tionswithtithedistortedmd undistortedccm.presserhavethessmechar-
acterist~cs.Representationsandhot-tieanemometertracesillustrattig
theflowfluctuationsh theregionofnegativeslopeareshowninfimre
U.
with
gine
area

Theseverelystalledregionat the~b ofthe&th stageis h ~~se
thestalledregionatthefirststage;bothrotateat abouthalfen-
syeed.Stageperformanceparameterspermitfurtherstudyofthis
ofnegativeslopeandthehubstallwhichiscoincidenttithit.

CompressorStagePerformance

Compressorstageperformanceisdiscussedfirstintermsoftheaver-
agevaluesatanystagegroupinthecompressorandthenh termsofthe
localperformanceat therootandtipsectionsoftheblades.Theinter-
stateinstrumentation(fig.2)waslocatedsxiallysothatthecompressor

. couldbe analyzedinfauxgroupsofstages:firstto fourth,fifthto
seventh,eighthtotenth,andeleventhandtwelfth.

. Average-stagegroupperformance.- Closedinletguidevsmes:Fig-
ure12 showsthestageperformanceofthecmpressorwithundistorted,
radially,andtiverseradiallydistortedinletconditionsforsteady-
stateoperationwithclosedinletguidevanes.Flowcoefficient(varies
inverselyas angleofattack)andpressurecoefficient(ameasureof
adiabaticpressurerise)areusedto indicatetheperformanceofthe
stagegroups.Thederivationsforthestageperformsmcepar~ters my
be foundinreferences7 and8.

Withundistortedflow(fig.12(a)),stagesoneto fouroperatedover
a -e offlowcoeffici=tfra 0.35toO.= =d a rangeofpressureco-
efficientfran0.275to0.12as enginespeedincre~edfrom5000to 8000
m. Flowcoefficient,whichvariestiversel.yasangleofattack,ti-
creasedwithengtiespeedto about6500rpmandthenremainedalmostcon-
stantathigherspeeds.At highenginespeedstheflowinthefirst
stageapproachedthechokedcondition,preventingfurtherincreasesof .
flowcoefficient.The~luence oftheflowrestrictionintheinlet
guidevanesis‘appsrentinthesecondstagegroup,stagesfiveto seven,
whichoperatedat slightlyhighervaluesofbothflowandpressureco-
efficientsthsmthefirststagegroup.Thethtidgroup,stageseight
toten,operatedovera narrowrangeofbothflowandpressurecoeffi-
cients,whilethelasttwostages,elevenandtwelve,rangedfromhigh

k valuesofpressurecoefficientathighenginespeedstonegative(tur-
btitig)valuesatlowenginespeeds.

3 Averagestageperformancewitha radialdistortionisshownh fig-
ure12(b).Theprincipaleffectofloweringthepressureat theblade
tipsisto increaaethepressurecoefficientofthef~th to seventh.
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stages.Stagegroupseighttotenandelev~ andtwelveshowedlittle
effectofradialdistortion,butthefirstfouxstagesoperatedat h@her”-
valuesofflowcoefficientovermostofthespeedrange.At 4700rpm,

f.

stagesoneto fourshoweda reductionofpressurecoefficient,possibly
indicativeofstalledoperation,slthough?iostalledregion.wasdetected
withthehot-wireinstrumentation. —

Theintroductionof inverseradial.distortion(lowpressureathti)
hadonlysmalleffectontheperformanceofthestagegroupseightto
tenandelevenandtwelve,showninfigure12(c).Inverseradialdistor-
tiondid,though,tendto increasethepressurecoefficientofthefirst $-
groupofstages.

Openinletguidevanes:Figure13 show thestageperformancewith —
openinletguidevanesforundistorted,radially,andinverselydistorted
inletconditions.(Ata givenenginespeed,.themagnitudeofthedistor-
tionsisgreatertithopeninletguidevanesthan@th Closed.&le.twide
vanes;thestateofthepressureprofileatthecompressoritietr-ins
thesame.]Thesolidpointsindicatetheregionofnegativeslope,as
describedtifigure10,andarethepointsneareststeam-statesurge-

..

with-stall.

Stagesonetofour(fig.13(a))operatedovera widerangeofflow
.—

coefficient(0.32.to0.51)sadshowedlargeeffectsofrotatingstall
andtipstall.Themiddlestages,fiveto.sevenmd eightto ten,oper-
atedoverthena.?n?ow-rangeofbothpressureandflowcoefficienttypical
ofmostmultistagecompressors.Withopenguidevanes,stagesfiveto
sevenoperatedat lowervaluesofpressurecoefficientthanstagesone
tofour.Thelaststages,elevenandtwelve,hada smallrangeofangle
ofattack,butrangedfromhighvaluesoflressurecoefficientdownto
negative,orturbining,valuesatloweng~e speeds.

.-

-J

Themostoutstandingeffectofradialdistortiononstageperform-
ance(fig.12(b])isthemarkeddecreaseofflowcoefficientintheregion
ofnegativeslopeindicatedby solidpointsforallstagegroups.With
radialdistortion,incontrastto theundistortedcompressor,rotating
stalloccurredatlowervaluesofpressurecoefficientinstagesoneto
fourandthereforeathigherenginespeeds.

Theinverseradialdistortion(fig.13(c))isincludedto il.lmtrate
theresultinghprovementh theperformsmceofthefirstgroupof stages;
itisnotdiscussedfurtherherein.In general,inverseradialandradial ‘–
distortionscsmbe consideredtohavetheoppositeeffectonthe
compressor.

+
span-wise stage performance.- Theav=agevaluesof stageperform-

sacepresentedinfigures12and13 donottidicatehowthespan-wise —
blade-loadingvariedas radial,distortionswereintroduced.TO indicate._ Y

.

M’ii -.–=



NACARM E54K26 XL

.
relativeloadingofthebladeelements,valuesof
ratio(pressureratiocorrectedforenginesped,

* sentedforthebladehubandtipsectionsaswell
valueoverthebladespan.

equivalentpressure
seeappendix)arepre-
ssfortheaverage

Closedinletguidevines:Figures14to 17 showthehub,average,
andtipvaluesofpressureratiofortheundistorted.andtheradidly
distortedcompressorwithclosedinletguidevanesas a functionofen-
ginespeed.

Stagesonetofour(fig.14)producedanequivalentpressuxeratio
ofabout1.22at 50CX)rpm,decreasingto about1.09at 8000rpm. Inthe
undistortedcompressor(fig.14(a])}therotorbladetipshada pressure
ratiosomewhathigherthantheaverage,therootssomewhatless. With
radial.distortion(fig.14(b)),theaveragevalueofequivalentpressure
ratioisslightlyincreasedovermostofthespeedrangejandthedif-
ferencebetweenthetipsndrootpressureratiosisdmi%lethediffer-
enceundistorted.Equivalentpressureratioh stagesfiveto seven
(fig.15}isslightlyhigherthaninthefirstfourstages,andvaried
fromabout1.26at 5000to1.2at 80~ rpm. Witheithertheundistorted
or radiallydistortedcompressor,themeanvalueofpressuxeratiois
higherthanthevalueateitherthehuborti~oftheblades.Pressure
ratioisonlyabcut0.01higherwithradial.distortionthanwithno dis-
tortion.Stageseighttoten(fig.16)operateatan equivalentpres-
sureratioofabout1.2overtherangeofenginespeedfrom5000to ~~
XT% wile the~st twostages(fig.17)t~b~e (equi~entpress~e
ratiolessthan1) at 5000rpmandloadup withincreastigspeedto a
pressureratioof1.16attopspeed.Theeffectof distortiononthe
lasttwostagegroupsisnegligible.

Openinletguidevanes:In figures18to 21,show5ngtheequiva-
lentpressureratioswithopenMet guidevanes,thesolidlinestidi-
catesteady-stateoperationas enginespeedis increased;thedashed
linestidicateloadingh regionsofhysteresisorregionsnotacces-
siblewithoutchangingtheinletguidevsmes.Inthestall-free(high-
speed}region,thebladetipinthefirstandlaststae groupsoperates

7athigherpressureratiosthanthebladerod sectim figs.18 and21).
Radialdistortion(fig.18{b))tendsto furtherincreasethepressure
ratioat thebladetipb thefirststagegroup,bringingitevencloser
to stallandcaustigan increasetithespeedatwhichstallofthe
outeramd.usoccurs.

Inthetipstallregionjthehubofthefirststagegroup(fig.18)
oftheundistortedcompressor~hs loaded,whiletheequivalentpres-
sureratioatthetipisdrasticallyreduced.Rotatingstalloccupies
thespeedrangebetweentipstalLsmdstall-freeoperation;itstrans-
itionalnatureisillustratedbytheincreaseinpressureratioas speed
isincreased.intoandthroughtherotat5ngstsllrauge.
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However,with
speedis increased
encountered,buta
coveryiscomplete

NACARME54K26

radialdistortion(parts(b)offigs.18 to 21),as
.

thetrendtowardrecoverybeginsasrotatingstallis
breakdowninperformsnceoccursatthehubbeforere- k

andbeforestall-freeoperationisattained.The
breakdownisnotsevereinthefirstfourstages(fig.18(b)butis

1drastich theremainderofthecompressor(figs.19to 21(b). Themost
severebreakdownoccursatthehubintheeighthto tenthstages(fig.
20). Theflowfluctuationsat thesolidpoints(theregionofnegative
slope)arerepresentedinfigureIl. —

k
Ithasbeenillustratedintheprecedingdiscussionthatradialdis- $

tortionincreasestheequivalentpressureratioatthetipsoftheblades
intheearlystages,andthatrotattigs=l ckcursathigherengtie
speeds{i.e.,closerto thedesignspeed).Also,as speedisimcreased
throughtheregionofrotatingstaU.theradialdistortioncausesdete-
ricmationofflowattheinnermnulus(atspeedswheretheundistorted
engtiewouldunstallandaccelerateto stall-freeoperation).Because
theenginewilloperateat steadystateinthisregionofdeterioration, _
ithasbeenpossibleto studytheeffectsofoverloadingthestalled
compressoron internalaerodynamics.Finally,becausethecompressor
operatesina similarregionduringaccelerations,itispossibleto

.

hypothesizethatthereductionofperformanceprecedingsurge-with-stall –
(seefig.8)iscausedbya shiftingofrotatingstallfromtheouter -
annulusto thehubinthemiddlestages.Theeffectsofvariousaero-
dynamiclimitationsontheaccelerationcharacteristicsoftheengine
arediscussedinthefollowingsectionintermsofaccelerationmargin.

AccelerationMargin

Accelerationmarginishereindefinedasthedifferencebetweenthe
steady-statepressumeratioandthepressureratioatthecompressor
operationallimit.Accelerationmarginis,therefore,an indicationof
theincreasestipressureratiopossiblebeforeoperationalproblemsare
encountered;itisan fidicationofthe.mxh.umpossiblem.teof
acceleration.

Effectsofcircumferentialdistortion.- Closedinletguidevanes:
Theeffectsofcircumferential.distortiononaccelerationmarginwith
closedWet gu$devsmesareshowninfigure22asa functionofthe
magnitudeofdistortion.Thesolidlinesindicatethatsurgeimposed
theoperationallimitofthecompressor,andthedashedlinesindicate
thatrotatingstallformedtheoperationallimit.

Forenginespeedsbelow6003rpm,rotatingSW formedtheoper-
-.

ationallimitofthecompressor.At 5600rpmwitha distortionofabput e
10percent,accelerationUrgti ws reducedtoabout15Percentofthe
undistortedvalue.

●

—
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Forenginespeedsabove60~ rpm,surgeformed
ofthecompressor.Inthespeedrangefrom6200to

theoperationallimit
6800r-pm,distortions

to 17percent.reducedmargti-to35p~cent,butathighere?@ne speeds
than6800rpm,thereductionassociatedwithdistortionsrangingup to
24percentwasashighas 85percent.It shouldbe notedthattheMet
guidevanesarenotscheduledintheclosedpositionathighspeeds.

Openfiletguidevanes:Thefo~owingdiscussionoftheeffectsof
w distortiononaccelerationmarginwithopeninletguidevanesconsiders
% onlythespeedrangeof stall-freeoperaticm.Sincetheinletguidevanes4 werenotscheduledopenat speedsbelow7000to 7300rpm,thepractical

rangeof interestiscovered.

Theaccelerationmarginforopeninletguidevaneoperaticmatvar-
iousenginespeedsabove6200rpmisshowninfigure23to indicatethe
changesinmargincausedby symmetricalcircumferentialdistortions.At
enginespeedsof 72CXIrpmandabove,distortionsof 20to 26percentre-
sultedinabout50percentreductionsinaccelerationmargin.At.lower
enginespeedsthereductionwasless,butwasassociatedwithdistortion

. magnitudesrangtigto only20percent.ti subsonicductinstallations,
circumferentialdistributionsof10 to 15percentmightbe expected;h
thisrangeof distortionmagnitudes,accelerationmarginwasreducedby
only20percent.

Thecompressorpressureratiobasedonthelowestlocalcompressor
inletpressureisshownh figure24withtheundistortedsurgepressure
ratioandthesurgepressureratiowithcticumferentidlydistortedcom-
pressorbasedonaverageinletpressure.(Thepressureprofilesat the
compressordischargeareessentiallyflat.)Thedistortedpressureratio
basedonminimuminletpressurewasa~roximatel.ythesameas theundis-
tortedstigepressureratioovermostofthespeedrsnge.Thus,during
an acceleration,thecompressorsurgedwhenanysxislsegmentreached
approximatelythesurgepressureratiooftheundistortedcompressor.
Thisapproximationisgoodonlytithopeninletguidevanesmd circum-
ferentialdistortion.

Effectsofradialandinverseradialdistortions.- To morefully
illustratetheeffectsofbothradialandinverseradialdistortions,

‘hub
accelerationmargtiispresentedas a functionof - %ip

P
, causing

av
radialdistortionstoappearaspositivevaluesandinverseradialdis-
tortionsto appearas negativevaluesof distortion.

Closedinletguidevanes:The’effectsofradialandfnverseradial
distortionson accelerationmarginareshowninfigure25forclosedin-
letguidevaneoperation.Thedistortionsrangedfrom8 percenth the
radialdirectionto 10percent(-10percent)intheinverseradial
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direction.Forenginespeedsabove6400rpm,eitherradialor inverse
.

radialdistortioncausedreductionsinaccelerationmarginup to 25per-
cent.Forspeedslessthan6400rpm,radialdistortionsreducedaccel-

—
L-

erationmargin;inverseradialdistortionhadlittleeffect.

Openinletguidevsmes:Theeffectsofradialandinverseradial
distortionsonaccelerationmarginareshowninfigure26foroyeninlet
guidevaneoperationat simulatedaltitudesof15)000,35,000,and50,000
feet. .b

At 15,0C0feet(fig.26(a))theaccelerationmarginforenginespeeds 3
of7000rpm,orhigher,wasreducedslightlyby eitherradialor inverse
radialdistortion.Forexample,at ratedspeeda radiald@tortionof
11percentresultedina 20percentreductioninaccelerationmargin,
whilean inverseradialdistortionof17percentresultedinlossesof
accelerationcapabilitiesof15percent.At enginesspeedsoflessthan
7000rprn;radialdistortioncausedreductioninmargin,butinverse
radialdistortionimprovedtheoperationalcharacteristicsofthec~~
pressor..Thus,at 60~ rpmah inversedistributionof5 percentresulted “-‘“.
inan increaseof 25percentinaccelerationmargin. “

At a simulatedaltitude.of35,000feet,theeffectsofradialand
inverseradialdistortiononmargtiweres.jmil.srto (butsli tlygreater .

?than)thoseat 15,OOOfeet,~dare inustrated~ fi- 26b)” Seriow
reductionsofmargin,up to 75percentat 6600~, resultedinthe~peed
rangefrom6200to 7000rpmwithradialdistortionsof only6 to 8 per-
cent.From7200.to7600rpm,theeffectsofradialdistortionweresinall,
butat speedsabove7800rpm,distortionsoflessthan13percentcaused

--

reductionsinaccelerationmarginup to 50percent.

A furtherincreaseof altitudeto 50,~ feet(fig.26(c))resulted
.—

inlargereductionsofnmrginathighengimespeeds.At ratedspeed
(79.50@m)aradialdistortionof12perc~@ ~deven~fiverse~d= ~ .
distortionof16percentcausedlossesof65 and50percent.The”gen-
eraltrend,suchastheincreaseinmarginwithinversedistortionat

.—

speedsbelow6800rpm,wasthessmeasat loweraltitudes.
.—

In general,thedistortionsillustratedinfigure26arelessthan
halfthemagaitudeofthoseillustratedinfigure23withcircumferential
distributions.Theradialdistortion,therefore,isfarmoreseriousthan
thecircumferentialinitseffectsonopeninletguidevanecompressor
operationallind.ts.Becausedistortionsininletductinstallationsoften
havecircumferentialandradialdistributionsofsimilarmagnitude(pos-
sibly10to 15percent),radialdistortionsgreaterthanthoseinvesti-
gatedmaybe encountered.Ithasbeenshownthatradialdistortionin-
creasedthespeedrangeofrotatingstallandthatthedistortionsin-
vestigatedwerelarge‘enoughtopr~entacselerat!onoutofthe‘.ota!tig. ‘“.
stallregion.

r
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Figures23 and26showonlythechangesinaccelerationmargtiif
stall-freeoperationispreviouslyattained.Ihtherangeofthisin-
vestigation,withthevariableinletguidevsmesscheduledto openonly
abovethespeedrangeofrotatingstall,operationisnotprevented.
Thedistortionsinvestigatedh thisregion(7~ to 7300rpm)though,
didnotexceed8 percent(fig.10). Withgreaterradialdistortionsat
thesespeedstheregionofrotattigstallmayextendintothespeed
rangeofoperationwithopeninletguidevanes.If so,acceleration
willnotbe possible,evenifsurge-with-stalLisan acceptablemodeof
operation.

Effectsofmixeddistortionson accelerationmargin.- In actual
ductinstallations,thedistortionsat thecompressorinletnormally
consistofvariousccxibinationsofradial,inverseradial,andcircwn-
ferentialvariationsofpressure.Invest@ationof exsmplesofretied
distortion,aswellas investigationofthebasicccmponentgradations
(aspresentedherein)tidicatethatthecompressorwasfarmoresensitive
to radialdistortionthanto otherdistributions.Thus,mixeddistor-
tionsresultedineffectss~r to thoseofthecomparableradialcom-
ponentalone,andarethereforenotpresentedindividually.

CONCLUDINGREMARK6

Distortionsintnl.et-airpressuredistributionshadlargeeffects
onthetransientcharacteristicsofa turbo~etengineequippedwith
variablecompressorNet guidevanes.

Withclosedinletguidevaues,thec~ressorwas notapprec~b~
sensitiveto inletpressurereductionsat eithertherootortipof the
rotorblade.Radialdistortionsof 8 percentcausedreductionsinac-
celerationmargtiathighengtiespeeds. However,intheenginespeed
rsmgewheretheinletguidevanesarescheduledintheclosedposition,
reductionsnotexceeding15percentwerecausedby distortionsto 4 per-
cent. CircumferentialUstributionshada moreseriouseffect,P~ic-
ularlyat low(55to 65percent)enginespeedswherethecompressoroper-
ationallimitis imposedby rotattigstal-l;acceleration=g~ -s re-
duced85percentby distortionsofabout10percent.

Withopen!hletguidevanes,thecompressorwasvev se~itiveto
reductionsin inletpressureattherotorbladetip. As a result,ac-
celerationmargininthespeedrangeinwhichtheinletguidevaneswere
scheduledopenwasreduced15,50,and70percentat simulatedaltitudes
of15,000,35,000,and50,000feet,respectively,by radialdistortions
of12percent.Withtheundistortedcoqressor,thespeedrsmgeofro-
tat~ stallwasWSU belowthespeedatwhichtheinletguidevsaes
open.A radisldistortionof 8 percentincreasedthespeedrange700
rpm. Sinceradialdistributionsof10to 15percentmaybe expectedin
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an inletductinstallation,itispossiblethatrotating
intherangeof openinletguidevaneengineoperation.
tortion,an accelerationlimitpreventsticreasingspeed

NACARME54K26
.

Stal willoccur
Withradialdis- *
outoftherame

ofrotatingstallandwould,iftheinletguide~e= wereopen,prevent -.
engtieaccelerationcompletely.

Reductionsof inletpressureattherootoftherotorblade,by
inverseradialdistortions,slightlyinprovedaccelerationru%rginat
mediumenginespeedstithopentiletguidevanes.At highenginespeeds,
though,reductionsinaccelerationmarginreswlted.At a simulatedalti- :
tudeof 50,000feet,an tiversedistortionof16percentreducedaccel- 8.
eration50percent.

Circumferentialdistortionsas greatas 25.8percentwereinvesti-
gatedwithopenMet guidevanes.Circumferentialdistributionsof20
to 15percentmaybe expectedinsa installation;h thisrangeofdis-
tortionacceleration?mrginisreducedlessthan20percent.Theengine
wasfoundto surgewheneverthepressureratioofanylocalsegment
reachedtheapproximatepressureratioforsurgewithno distortion. .

Sincethecompressorisso?.mchmoresensitivetolowpressureat
thebladetipsthanto anyotherdistribution,theeffectsofmixeddis-
tortionson openinletguidevaneoperationaresimilartotheradial.

.

ccmponentalone. —

LewisFlightPropulsionLaboratory
NationalAdvisoryCommitteeforAeronautics

Cleveland,Ohio,December9,1954
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AxmNmx - SYMBOLS

The followingsynibolsareusedinthisreport:

area,sqft

specificheatat constantpressure,Btu/lb/%

accelerationdueto gravity,32.17ft/sec2

mechanicalequivalentofheat,778.3ft-lb/Btu

enginespeed,rpm

totalpressure,lb]sqft

gasconstant,ft-lb~lb%

radius,ft

stagnationtemperature,%

axialvelocity,ft~sec

weight-flowrate,lb/see

ratioofspecificheats,1.40

ratioofte~eratureto standard

density,slugs/ft3

.

temperature

instantaneouslocalflowrate,lb/{see){sqft),usedb con-
nectionwithhot-wirememometersigpals

k) 1&TgJcpTi # -1
pressurecoefficient, i

()
~2N2
60

‘v =[;]~][j%]flowcoefficient,+

.
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(PJPJ=equivalentpressureratio,

@$)2[%f5i)&
Subscripts:

av arithmeticaveragevalue “

NACARME541S26

d valueat ratedconditions

e equivalent,Mdicatesthatparametertowhichit isaffixed
has”beencorrectedforspeed --

ly.lb valueatrootsectiaof rotorblade

.

?

— —

--
.- =...—.

.

i idet to stagegroul

m maximumlocalvalue

ndnim.umlocalvalue

o outletofstagegroup

tip valueattipsectionof

2 compressorinlet

3 compressordischarge

—
—

.—

. —

—

rotorblade

-——
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T~E 1. -LcYMrIoNANDTYPEoFTRm21mr SEmING DEVICES

%ation Measured Steady state Transient Frequency range
qyantity Type Number Type Number of flat response

2 Compressor JkWrdon-type 2 Aneroid-type 2 Zero to 10 cps
inlet total gages “pressuresensors fiea-levelstatic
pressure with strain-gage

element

3 Compressor Bourdon-type 1 Aneroid-type 1 Zero to 10 cps
outlet total gage pressure seosors sea-levelstatic
pressure with strain-gage

element

6 EXh81Mt g8B Parallel, 5 Paralbd 20-@ge chr~l- 6 Zem to 30 cps
temperature thermocoupleE ahmel butt-welded

connectedto thermocouplesj W’lth
self-balancing electricnetwork to
potentiometer compensatefor therm -
retarder couplelag

,- En@ne epeed Chronomtric 1 ?@netlc pickup with 1 Zero to 5 cps
tachomter outputfrequency

proportionalto
engine qmed

-, Fuel flow Calibrated 2 Aneroid-typepressure 1 Undetermined1
rotametere. seneorstith strain-

gage element connected
to measurepressure dxop
acrosevariable orfice in
fuel Mne

* .

2!
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Figure 1. - Installationof experimentalturbojet engine in altitude chamber.
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Figure 2.
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Side view of turbojet engine installationshowing stationsat which steady-state
instrumentation was installed.
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Figure3. - Pressureprofilesat compressorinlet.Inlet
guidevanesopen; ratedenginespeed,35,000feet.
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F@ura 4. - Varle.tionof &stm-MOn tith engine-. Simllateualtituaa,S,CQO feat.
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(b) Inletguidemm. open..

Rlgmn 4.- Concluded.Vtimtim 0?distortionwithengine wed. Simulatedaltitude, 35,(YYJfeet.
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Figure5. - Compressoroperationallimits.UlldiS’tOrtedj closedinletguide
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Correctedenginespeed,N/-@, rpm

Figure6. - Steady-stateoperatingline. Altitudej35, CQ feet;undistorted;
openinletguidevanes.
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Immersiondepth,
Stage percentof annulusheight.
F

Timinglinesindicate.01
see,increasingto right

The signal,instantanecnm
s localflowrate,f(pV),

Lncreasesupwards.

(a)Stall-freeoperation,7000rpm. Shadedareasrepresent
regiongoflowflow

F

s

(b)Rotatingstall.,6000rpm.
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(c)Tipstall,3400rPM. =

Figure7.-Typicalhot-wireanemometertraces,withrepresentationsoftheflow
fluctuatl.onsat compressor.firstand sixthstages. Undistorted;altitude,
35,000feet;openInletguidevanes.
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.- (b)AccelerationfromoDerationin tlw stallat Bteadvstate.*.O

4.0

3.5

3.0

9.5
-“5400 5600 5800 6000 6200 6400 6600 6800 7000

Correctedengine speed,Ii/-@, rpm

(c)AccelerationfromoperationIn rotatingstallat steadyjetate.

Figure 8. - Typicalattemptedaccelerations.Undistorted;inlet
guidevanesopen;altitude,35,000feet.
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Figure9.-
altitude,

Correctedenginespeed.,N/-@,rpm

Compressoroperationallimits. Undistorted;open inletguidevanes;
35,000feet. #
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II Steady-stateoperatingline ]
—-. — - Compressoroperationallimits

Surge

[

: Surgefollowedby blow-out
Rotatingstall

: Surge-with-stall

3000 6ocm 7000 8000
Correctedenginespeed,N/-@, rpm

Figure10. - CompressoroperationalMrcLts.Radialdistortion;openinlet
guidevanes;altitude,35,000feet.
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(a) undistorted. (b)RaM~”distortion. (c)InVerneradialdintortlon.

Fimrc12. - 2ffector radialand inverueradialdistortionon nvarageata.gePwrfornnnce.C108CIIlnle~guide vanem.



(a) Undiutortad.

Figure 13. - Hfeot of radial
open inlet @tie ~anas.

‘11, ”, ’1.!

and Inverse radial
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Average flow coefficient,*

(b) Radial distortion.
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(c) Radial Invereedistortion.
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(a)UndlstortecS.

Correctedenginespeed,N/-@, rpm

(b)RadLaldistortion.

Figure14. - Effectof radl.aIdistortionon equivalentpressureratioat
hub, tip, and averageeectionsofstagegrouponetofour. Closedinlet
guidevanes;altltude,35,000feet.
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~ (a) Ilndlstorted.

(b)Radialdistortion.

Figure15.- Effectof radialdistortionon equivalentpreasursratiu&t
hub,tip,andaveragesectionsof stagefiveto seven. Closed%nlet
guidevanes;altitude,35,0Q0feet.
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cor==te~enginespeed,N/-@, rpm

(b)Radlaldl.stortlon.

Figure16.- Effectof radialdistortionon equivalentpressureratioat
hub,tip,andaveragesectionsof stagegroupeightto ten.
inletiwldevanes;altitude,35,OOOfeet.
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Figure17.- MfeOtof radial distortionon equ.ivalmt premme patio at
hub,tip,and averagesecti~s of Stage@W’ ‘levenand ‘welve-

Clo8ed

inletguidevanes;altitude,3S,000feet.

~:%c-



NACARME54K26

.

.

.

1,

14

1,

1.

1,

1.

1.

1.
(a) Undistorted.
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Correctedenginespeed,N/-@, rpm

(b)Radialdistortion.

Figure18.- Effeetof radialdistortionon equivalent
hub,tip,andavetiegeeecti-onsof stagegrouponeto
guidevanes;altltude, 35,000feet.
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(a)Undistorted.

----
Correctedengine,epeed,N/-@,rpm

(b) Radialdistortion.

Figure19. - Effectof radialdistortionon equivalentpreseureratioat
hub,tip,andaverageaecti.onaof stagegroupfiveto seven. Openinlet
guidevanes;altitude,35,000feet.
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(a)Undfatorted.

Corrected engine speed,N/-@, rpm

(b)Radialdistortion.

Figure20.- Effectof radialdistortionon equivalentpreesureratioat
hub,tip,andaveragesectionsof stagegroupeightto ten. OpenInlet
guidevanes;altltude;35,000feet.
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Figure21.- Effeotof radialdistortionon equlval~ntpre8sureratiOat
hub,tip,andaverageBeotlonaof stagegroupelevenand twelve.

Open
inletguidevanes;altltud.e,35,000feet.
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Figure22.- Effectof circumferentialdistortiononaccelerationmargin.Inletguide
vanesclosed;altitude,35,003feet.
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compressorinletpressure
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(b)MstortionC-26.

Figure24.-Comparisonofsurgepressureratiosforundistorted
andcircumferentiallydistortedcompressornth minimuminlet
pressure.Openinletguidevanes;altitude,35,000feet.
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Figure25. - Effectof radialand
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Figure 26. - Effect of re.dialEOM Inverseredlal 6istortlonon accelerationmargin. Inletguidevanesopen.
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Figure 26. - Conclu6d. Effect Qf -l and inverse rtial distortionon accelerationmwgln. Inlet guide
vanes.ripen.
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